Large-volume instrumental photon activation analysis (IPAA) was used for the investigation of shredded electronic waste material. Sample masses from 1 to 150 grams were analyzed to obtain an estimate of the minimum sample size to be taken to achieve a representativeness of the results which is satisfactory for a defined investigation task. Furthermore, the influence of irradiation and measurement parameters upon the quality of the analytical results were studied. Finally, the analytical data obtained from IPAA and instrumental neutron activation analysis (INAA), both carried out in a large-volume mode, were compared. Only parts of the values were found in satisfactory agreement.
Introduction
One of the unwanted consequences of the nowadays large-scale use of high-technology electronic equipment is the dramatic increase of electronic waste with all its implications concerning environmental impact, longterm availability of material and energy resources (Fig.  1) . Regarding the respective EU Directives (e.g., WEEE, 1 RoHS, 2 Battery Directive 3 ) as well as international agreements (e.g., Kyoto Protocol) the electronic waste handling policy will have to be modified radically. Research and development efforts aiming to avoid undesirable landfill/combustion and favouring quasi complete recycling are urgently needed. The first step in this direction is the comprehensive knowledge of the content of components in this waste. These include hazardous ones (arsenic, selenium, cadmium, lead, etc.), usable ones (noble metals, germanium, indium, etc.), those both toxic and usable (nickel, selenium, bromine, etc.) and quasi neutral material (aluminum, iron, zirconium, etc.). Therefore, a new analytical approach for fast characterization of large batches of material at economically acceptable effort is required.
Modern analytical techniques mostly strive to analyze microamounts of sample material and to achieve accordingly high sensitivities of detection. Conversely, to tackle the aforesaid analytical problem, it is frequently necessary to comprise large amounts of analytical material combined with a broad range of detectability so as to analyze both major and minor components with a high degree of accuracy and precision. Furthermore, large samples are more likely to be representative, and thus a respective analytical technique will save time and expenses. Among the vast number of analytical techniques only a few enable the analysis of large masses, respectively, volumes. These are radioactivation techniques in the first instance. In this paper, the application of instrumental large-volume activation analysis using high energy photons (IPAA) and neutrons (INAA) for the analysis of shredded electronic waste is described. For IPAA the large volume irradiation facility (High Energy Photon Screen, HEPS; Fig. 2 ) of the electron linear accelerator of the Federal Institute for Materials Research and Testing in Berlin, Germany (BAM-LINAC) was used. [4] [5] [6] INAA was carried out at the large volume irradiation facility at the research reactor of the Interfaculty Reactor Institute (IRI), Delft University of Technology, The Netherlands. IPAA was used to explore the limits of detection and analytical precision of the analyses of up to 150 gram, batches of electronic waste. The application to yet larger amounts will be an objective of future studies. The analytical values of a particular batch of electronic waste (shredded TV sets) obtained by both methods were compared. The particular advantages of large volume analysis applied to electronic waste and other material has already been discussed (see, e.g., BODE et al.). 7
Experimental
The experimental details of large-sample INAA were discussed by OVERWATER et al. 8 A major problem in activation analysis of large samples is the inhomogeneity of the activating radiation field. This is true in particular for IPAA. To overcome this problem, the BAM LINAC was equipped with an electron beam scanning system ( Fig. 2) with the help of which large volumes can be activated with a good radial field homogeneity. Details of this facility are discussed elsewhere. 4, 6 The material
The test material was taken from shredded whole TV sets. These had not been dismantled and divided into different components before shredding. Hence, the samples contained material from the housing and the cathode ray tube besides the electronic parts. Sets of five subsamples of respectively 1, 3, 30 and 150 grams were taken for analysis.
Sample preparation for bremsstrahlung exposure
The samples were filled into flat cylindrical aluminum containers of different sizes (maximum: 8 cm diameter and 1.6 cm thickness for the 150 g -batches) according to the different sample masses. Discs from copper sheet of 25 µm thickness and diameters congruent to the respective sample containers were fixed to the front and rear side of those (Fig. 3) . The copper discs served as flux monitors to account for the downstream photon flux gradient. 4 The sample stack was then brought before the tantalum bremsstrahlung converter target of the LINAC (Fig. 3) .
Bremsstrahlung exposure
During activation it was strived to provide minimum radial photon flux gradient (see below, handling of error sources). The activation was conducted at 30 MeV bremsstrahlung energy and 100 µA mean electron beam current for a 1 hour exposure period.
Gamma-spectroscopy
After activation the samples were transferred into inactive counting vessels with the same geometry as that of the irradiation containers. After several cooling periods (1 day to 1 month) γ-ray spectra were taken using standard coaxial high-resolution spectrometers. The counting periods ranged between 10 minutes and 3 days. Low energy photon spectroscopy 9 was not applied because of severe matrix absorption problems. 
Handling of error sources of IPAA
Inhomogeneity of the sample: Options to tackle this problem were limited due to the extremely different sizes, densities, geometries, surface properties, etc. of the single grains in the sample. Hence, the representativeness can be influenced by selecting an adequate sample size nearly only.
Flux density gradients of the activating photon beam:
The use of copper flux monitors (see above) accounts for the axial gradient. Influence of the radial gradient which appears at the borders of the scanning bremsstrahlung field is minimized by adjusting the beam scanner so that the bremsstrahlung field diameter was somewhat greater than the diameter of the sample containers ( Fig. 3) .
Measurement geometry: Measurement results are deteriorated by uncontrolled axial and radial shift of the sample position in front of the detector. This influence increases with decreasing distance of the sample to the detector. Therefore, the samples were measured at a distance of 12 cm from the front side of the detector housing. The radial shift of the radiation source cannot be controlled directly when measuring strongly inhomogeneous samples. However, this influence is also minimized by measuring at larger distance. In the future the use of a twin detector spectrometer will reduce the influence of mesurement geometry significantly (see GOERNER et al.). 4 Radiation absorption: The absorption of the activating photon radiation is accounted for by using flux monitors fixed to the front and the rear surface of the irradiation vessel (see above; flux density gradient). However, the bremsstrahlung absorption is relevant only if thick items with high average atomic number are activated. This was not the case in the material studied but might gain significance when handling electronic waste which contains large amounts of heavier components, e.g., lead. In contrast, the matrix absorption of the γ-rays during spectroscopy is a greater problem. One way to minimize the deterioration of the respective results is to reduce the thickness of the sample to be measured as far as it is practicable. Furthermore, energydependent corrective absorption factors can be included in the concentration calculation. These factors can be obtained by absorption experiments using inactive samples of the material studied. 4 Calibration and quality control: Waste incineration ash 10 with well-known contents of 44 elements was used for calibration in IPAA. As yet, there is no adequate material available for analytical quality control. Moreover, this also applies to the calibration material. The fly ash used in our approach was quite well usable since its attenuation behavior against the radiation involved in the analytical procedure is very similar to that of the waste material studied (similar average atomic numbers). However, this material was prepared at BAM in consideral amounts (about 5 kg are still available) for internal use, but is not generally available.
To meet the quality requirements of respective normative documents (e.g., ISO 17025), both calibration and control material would have to be produced in considerable amounts, not to mention the certification campaigns necessary. The "classical" mode of calibration/quality control (similar amounts of sample and calibration/control material) would require excessive consumption of these materials. This would imply considerable costs, thus diminishing the economical advantage of large sample analysis. 7 In INAA, the k 0 single comparator approach was applied. 11 However, this is not applicable in IPAA since some of the required atomic data of the elements and several parameters of the activating photon source used (particularly linear accelerators as used in this work) cannot be defined with sufficient precision. Hence, currently in the BAM PAA laboratory feasibility studies are performed concerning the use of comparatively small masses of reference materials and extrapolation of the values obtained to the actual sample size. In other context, the problem of extrapolation from small to large volumes comprised by analytical techniques was discussed by GOERNER et al. 5 
Results and discussion
The elements detected and their photonuclear reaction data 12 are compiled in Table 1 . In Table 2 the comparison of the data obtained by IPAA and INAA, respectively, is listed. The agreement of the results covers a broad range from "good" to "poor". The reason for the latter might be two-fold: (1) the IPAA results are obtained from analyses of five single 150 g samples whilst one single batch of 1.2 kg was analyzed by INAA, hence the experimental conditions were not comparable; (2) the distribution of some elements is extremely inhomogeneous so that yet larger amounts will have to be analyzed to obtain better representativeness, thus better agreement between the results of different analytical techniques.
As to the representativeness: The precision (in terms of 1σ-standard deviation based upon 5 single determinations (Tables 3-6 ) of the analytical results of a selected set of components as a function of the single sample mass is displayed in Fig. 4 . As expected, the uncertainty of results increases dramatically with decreasing sample mass. The extremely uneven distribution of the copper values in the small samples is due to its particle properties. The major part of copper, being one of the most abundant components in the material, was present as pieces of wire, partly in coherent clusters, thus could not be distributed homogeneously. This reflects the extreme difficulty to obtain an even particle distribution, thus a representative sample from this kind of material as was pointed out by BODE et al. 7 The comparatively homogeneous distribution of zirconium is due to the fact that it is component of nearly only the glass material of display screens which, being the major part of all material in the sample, lies before as small granulate, hence exhibits better homogeneity property.
The functions shown in Fig. 4 can help to find the minimum sample mass needed for the respective investigation task. In the case of electronic waste, these requirements in terms of detection limits, accuracy and precision can be different, for instance: for economical reasons, high precision is required for the analysis of valuable components like noble metals whereas the uncertainty of the other elements might be somewhat greater. However, higher precision can eventually also be required to the results of hazardous components, depending upon the actual environmental protection policy (e.g., environment-related EU Directives). Thus, requirements concerning the quality of analytical results might be strongly governed by economical/political considerations.
The mass of the sample to be analyzed has to be predefined accordingly, whatsoever.
Conclusions and outlook
Analytical procedures are described that facilitate the analysis of large amounts of materials. These techniques are helpful for characterization of inhomogeneous matter like electronic waste in particular. They can reduce costs of analyses and help to optimize recycling processes. For instance, material streams can be controlled using the analytical data quickly obtained, thus help to accelerate the recycling process and reduce energy consumption. Currently and in the future the following studies are performed and planned: to optimize the precision of γ-spectroscopy using a twin detector spectrometer; 4 to proceed to yet larger sample volumes/masses; to work out photon activation analysis procedures for other materials (industrial, geological materials, other kinds of waste. etc.); to solve the problems of calibration/control materials, and to develop analytical procedures other than activation analysis for large volume investigations.
